presented. In an attempt to assess subchondral bone sclerosis, we measured the thickness of the subchondral bone plate as previously reported, 46 using an Aperio Scanscope CS2 (Leica Biosystems Image, Inc.). Arg-II, HIF-2α, ZIP8, MMP3, and MMP13 proteins and neoepitopes representing aggrecan breakdown (DIPEN and NITEGE 21 ) were detected in joint sections by immunohistochemical staining of mouse cartilage sections, which was performed using the following antibodies: rabbit polyclonal antibody against Arg-II (PA5-27987, Thermo Fisher Scientific), mouse monoclonal antibody against HIF-2α (ab8365, Abcam), rabbit polyclonal antibody against ZIP8 (sc-133415, Santa Cruz), rabbit polyclonal antibody against MMP3 (ab52915; Abcam), rabbit polyclonal antibody against MMP13 (ab51072; Abcam), mouse monoclonal antibody against DIPEN (MBS442010, MyBioSource), and rabbit polyclonal antibody against NITEGE (NB100-74350, Novus).
Skeletal staining and histological analysis
Skeletons of E18.5 whole-mouse embryos were stained with Alcian blue and Alizarin red, as described previously. 47 Briefly, whole embryos were skinned, eviscerated, fixed with 95% ethanol for 4 days, and immersed in acetone for 3 days. Samples were stained with one volume of 0.3% Alcian blue 8GX in 70% ethanol, one volume of 0.1% Alizarin red S in 95% ethanol, one volume of 100% acetic acid, and 17 volumes of 100% ethanol. Bone histology was analyzed as described previously. 47 Metatarsal bones of 2-week-old mice were fixed in 4% paraformaldehyde, decalcified in 0.5 M EDTA (pH 7.4) for 7 days at 4°C, and embedded in paraffin. The deparaffinized sections were stained with 1% Alcian blue in 0.1N HCl for 10 minutes and washed with 0.1N HCl for 5 minutes. The lengths of the resting/proliferative and hypertrophic zones were measured using a microscope image-analysis program (AxioVision). Cartilage samples of 5-month-old mice were examined by Safranin-O staining.
Primary culture of articular chondrocytes and FLSs (fibroblast-like synoviocytes)
Human normal chondrocytes isolated from donor knee joints without any abnormality were obtained from Cell Applications, Inc. We used two different lots (donors) of human primary normal chondrocytes.
The cells were provided at passage 1 (P1) and we used P2 cells for our experiments unless otherwise indicated. Human OA chondrocytes were sourced from individuals undergoing arthroplasty. Details of the individual OA specimens are summarized in online supplementary table S1. We used P1 OA chondrocytes for our experiments unless otherwise indicated. Mouse normal articular chondrocytes were isolated from the femoral condyles and tibial plateaus of postnatal day 5 WT or Arg2 -/-mice by digesting cartilage tissue with 0.2% collagenease. 48 The cells were maintained as a monolayer in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal bovine serum and antibiotics (penicillin G and streptomycin). On culture day 2, cells were infected with 800 MOI (multiplicity of infection) of empty adenovirus (Ad-C); infected with Ad-Arg-II, Ad-HIF-2α, or Ad-ZIP8 at various MOIs; or treated with the inflammatory cytokines, IL-1β or TNF-α, as indicated in each experiment. Mouse FLSs were isolated from joint tissues of WT mice, as described previously. 49 FLSs between passage 6 and 7 were used for further analysis. Pure FLSs (>90% CD90 + /<1% CD14 + ) were identified by flow cytometry using antibodies against the fibroblast marker, CD90, and the macrophage marker, CD14 (Abcam). The n numbers in each experiment indicate the numbers of independent primary cultures.
Immunofluorescence microscopy
Primary-culture mouse chondrocytes infected with 800 MOI of Ad-C or Ad-Arg-II for 36 hours were subjected to double staining for mitochondria and Arg-II. Briefly, the infected cells were incubated at 
Microarray analyses
Microarray analysis of primary-culture passage 0 (P0) mouse chondrocytes stimulated with IL-1β treatment or overexpression of HIF-2α or ZIP8 was performed as described previously.
11,12
Briefly, total RNA was extracted from mouse articular chondrocytes using a Purelink RNA mini kit (Ambion). The concentration, purity, and integrity of the extracted RNA were determined by NanoDrop 2000 spectrophotometry (Thermo Fisher Scientific). RNA from mouse chondrocytes was analyzed using Affymetrix GeneChip Mouse Gene 2.0 ST Arrays (Macrogen Inc.) according to the provided protocol.
The microarray data have been deposited to the Gene Expression Omnibus under accession codes GSE104794 (for HIF-2α), GSE104795 (for ZIP8), and GSE104793 (for IL-1β).
Transcription factor array analysis
Transcription factor array analyses were performed using a Cignal 45-Pathway Reporter Array (Qiagen), as previously described. 10 Briefly, mouse articular chondrocytes were plated to 96-well plates, treated with hyaluronidase for 4 hours to enhance transfection efficiency, and transfected with reporter constructs reconstituted from the kit using Attractene (Qiagen). Transfected cells were infected with Ad-C or Ad-Arg-II for 2 hours. After 24 hours, firefly luciferase and Renilla luciferase activities were measured using a Dual-Glo Luciferase Assay System (Promega). Firefly luciferase activity was expressed relative to Renilla luciferase activity for normalization of the transfection efficiency.
RT-PCR and qRT-PCR analyses
Total RNA was extracted from primary-culture chondrocytes using the TRI reagent (Molecular Research Center, Inc.). The RNA was reverse transcribed, and the resulting cDNA was PCR amplified using the primers and experimental conditions summarized in supplementary table S2. Transcript levels were quantified by qRT-PCR. siRNAs targeting mouse Smad 2, 3, 4 or human Arg-II were obtained from Dharmacon or Integrated Device Technology, respectively, and transfected using Lipofectamine TM RNAiMAX (Invitrogen). Non-targeting (scrambled) siRNA was used as a negative control. The following siRNA sequences were used: 5´-UGCACUAUCACUUAGGCACTC-3´ for mouse Smad 2, 5´-UUCCGGUUGACAUUGGACAGT-3´ for mouse Smad 3, 5´-UGAGAAUGCACA AUCGCCGGA-3´ for mouse Smad 4, and 5´-CCAUGAGAGAUAUUGAUCGACUUGG-3´ for human Arg-II. Mouse chondrocytes were transfected by incubation for 6 hours with siRNA and Lipofectamine RNAiMAX and infected with adenoviruses as described above. Human Arg-II siRNA was used for reverse transfection at each passage during the serial-passage culture of human normal chondrocytes.
Western blotting
Total cell lysates were prepared in lysis buffer (150 mM NaCl, 1% NP-40, 50 mM Tris, 0.2% sodium dodecyl sulfate [SDS], 5 mM NaF) and used to detect Arg-II, p62, ATG5, ATG6, ERK, and Lamin B.
Secreted proteins (ADAMTS5, MMP3, and MMP13) were detected after trichloroacetic acid (TCA) precipitation of proteins from 3 ml of serum-free conditioned medium. All lysis buffers contained a cocktail of protease inhibitors and phosphatase inhibitors (Roche). The following antibodies were used for Western blotting: rabbit polyclonal anti-Arg-II (PA5-27987, Thermo Fisher Scientific), rabbit polyclonal anti-ADAMTS5 (PA5-14350, Thermo Fisher Scientific), rabbit polyclonal anti-p62 (5114), rabbit monoclonal anti-ATG5 (12994), rabbit monoclonal anti-ATG6 (3495P, all from Cell Signaling Technology), mouse monoclonal anti-ERK1 (BD610408, BD Bioscience), rabbit monoclonal anti-MMP3 (ab52915), and anti-MMP13 (ab51072, both from Abcam).
Arginase activity assay
Primary-culture mouse chondrocytes were treated with the indicated concentrations of IL-1β for 36 hours and infected with 800 MOI of Ad-C or the indicated MOIs of Ad-Arg-II for 36 hours, or transfected with expression vectors for WT-Arg-II or -Arg-II for 36 hours. Arginase activity was assessed with an Arginase Assay Kit (KA1609, Abnova). The method utilizes a chromogen that forms a colored complex specifically with urea produced in the arginase reaction, and the intensity of the color is directly proportional to the arginase activity in the sample.
Senescence and autophagy assay
Chondrocyte senescence was examined in P0 WT mouse chondrocytes, P2 human normal chondrocytes, and P1 human OA chondrocytes infected with 800 MOI of Ad-C or Ad-Arg-II for 72 hours. Senescence was also examined in P6 WT and Arg2 
NF-κB reporter gene assay
The NF-κB reporter construct (pGL4.32[luc2P/NF-κB-RE/Hygro] vector) was purchased from Promega. Primary-culture mouse chondrocytes were pretreated with hyaluronidase type I-S (Sigma) for 6 hours in serum-free DMEM, and transfected with both a NF-κB reporter vector (1.0 μg) and a Figure S4 . Transcription factor array analysis. (A) Primary-culture mouse articular chondrocytes were infected with Ad-C or Ad-Arg-II (800 MOI) for 36 hours. The transcriptional activities of the indicated transcription factors were determined using a transcription factor array kit. (B) Chondrocytes were infected with 800 MOI of Ad-C or Ad-Arg-II and incubated for 36 hours in the absence or presence of the indicated concentrations of HLM006474 to inhibit E2F (n = 5), GW6471 to inhibit PPAR (n = 8), GSK3787 to inhibit PPAR (n = 6), GW9662 to inhibit PPAR (n = 8), Tanshinone-IIA (T-IIA) to inhibit AP-1 (n = 8), Mifepristone to inhibit GR (n = 8), or SC-514 to inhibit NF-κB (n = 8). Alternatively, Smad 2, 3, and 4 were suppressed with specific siRNAs (n = 6). The indicated mRNAs were detected by RT-PCR analysis. The n numbers indicate the numbers of independent primary cultures of chondrocytes. 
